This work reports the preparation of activated carbons via the hydrothermal treatment at 523 K/30 bar of two common winemaking wastes: bagasse and cluster stalks. The hydrothermal carbons produced by the above treatment were turned into activated carbons via their exposure to KOH and carbonization at 1073 K. These were then subjected to Raman spectroscopy, Fourier transform infrared spectroscopy, scanning electron microscopy examination, and the determination of their Brunauer-Emmett-Teller surface area. The ability of the activated carbons to adsorb methylene blue in aqueous solution was then examined, determining the influence of time, methylene blue concentration, and temperature. Equilibrium conditions were reached for reaction times between 180 and 240 min at pH 7. The adsorption isotherms were found to better fit the Langmuir than the Freundlich model, and the adsorption kinetics fitted a pseudo-second-order model. The maximum adsorption at 303 K was 714-847 mg g
Introduction
In 2016, 75.7 million tonnes of grapes were produced worldwide, and some 259 million hectolitres of wine was made from them -37.7 million hectolitres in Spain alone (15% of the world's entire production) (Mateo and Maicas, 2015; Vino, 2017; Zacharof, 2017) . Unfortunately, winemaking is associated with a lot of waste. Cultivation harvesting is associated with about 5 tonnes ha À1 of waste (leaves and canes, etc.) per year (Arvanitoyannis et al., 2006; Zacharof, 2017) , while the mass of the waste produced by the actual winemaking process may reach 25% of that of the grapes used (Yu and Ahmedna, 2013) . In 2016, Spain therefore had to deal with some 1.5 million tonnes of viticultural/winemaking wastes.
Ways of dealing with this waste have been sought by the wine industry (Arvanitoyannis et al., 2006) . One possibility is composting (Ruggieri et al., 2009) , perhaps with the organic fraction of solid urban wastes (Hungr ıa et al., 2017) . This, however, is unable to provide a full solution since enormous tracts of land would be required if it were all dealt with in this way. Unfortunately, neither can winemaking wastes be used directly as a fertilizer given their high organic content, the salts they contain, and their acidity, which can have negative effects on plant growth.
Other possibilities include converting these wastes into chemical products of added value, such as fuels, heat, and energy (Zacharof, 2017) , or, given their low cost and availability, into the precursors of activated carbons (Jimenez-Cordero et al., 2013; Zacharof, 2017) . An alternative to their direct transformation into the latter is the prior production of hydrothermal carbons (HTCs) (Kambo and Dutta, 2015; Kumar et al., 2016) ; given the high water content of viticultural/winemaking wastes this is of particular interest. HTCs have a chemical structure similar to that of coal (Kabadayi Catalkopru et al., 2017) . They have been used as adsorbents and as the support for catalysers, but recently have received attention as precursors of activated carbons (Jain et al., 2016) .
Activated carbons are among the most used adsorbents (Aygu¨n et al., 2003; Imamoglu et al., 2015) . They possess a great variety of modified surface groups, making them useful in water purification, as gas removers, and in the recovery of materials, etc. (Altintig and Kirkil, 2016) . The adsorption capacity of activated carbons is commonly tested through the use of coloured molecules, including methylene blue (MB; C 16 H 18 ClN 3 S), a basic cationic colorant used extensively in industry (Hassan et al., 2014) .
The present work reports the transformation of two winemaking wastes -bagasse and cluster stalks -into activated carbon via their hydrothermal treatment. These were then subjected to Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) examination, and the determination of their Brunauer-Emmett-Teller (BET) surface area. Their capacity to adsorb MB in aqueous solution was also examined. These adsorption studies involved the determination of the equilibration time via batch assays at pH 7, and examined the influence of the initial MB concentration and temperature, always using the same amount of activated carbon. The results were examined to see if they best fitted the Freundlich or Langmuir isotherms. Finally, their adsorption kinetics were studied. The properties of the activated carbons produced were compared to those of commercially available activated carbons.
Experimental procedures

Synthesis and characterization of HTCs
The wastes used in this work -bagasse (GS) and cluster stalks (ST) -were generated using the production of Albariño wine (Denomination of Origin 'R ıas Baixas', in Galicia, northwestern Spain) and were supplied by the Misi on Biol ogica de Galicia (CSIC). ST are left over after the grapes are removed from their woody support; GS is the material left over following the pressing of the grapes to extract the must and contains grape skin, pulp, and seeds. These two types of waste were separately ground to a grain size of <2 mm in an SK 100 Cross Beater Mill. Aqueous suspensions of the milled waste were then prepared (75 g l
À1
) and introduced into a Berghof BR300 high pressure reactor for 3 h at 523 K and 30 bar, with agitation at 1400 r min
. Preliminary studies showed these treatment conditions to provide the greatest yield of HTC. At the end of the reaction period, the aqueous suspensions were passed through a Millipore YT30 pressure filter. The resulting HTCs -GS-HTC and ST-HTC -were dried in an oven at 353 K for 12 h and then analysed chemically following standard methods (AENOR, 1984a (AENOR, , 1984b .
Production and characterization of activated carbons
The two HTCs were then activated via exposure to KOH (previously milled to a grain size of <40 mm) in the ratio 1:2 by weight, and carbonized at 1573 K for 2 h in a Carbolite STF 15 tubular oven under a N 2 atmosphere (150 ml min À1 ) as previously described (Lobato et al., 2017) . After cooling in the oven to room temperature, the activated carbons producedtermed AC-GS and AC-ST were washed repeatedly with MilliQ water until reaching pH 7. The washed products were then dried in an oven at 353 K for 12 h.
The elemental chemical composition, and the ash and volatile material contents, were determined following the standard methods (AENOR, 1984a (AENOR, , 1984b ) using a Leco TGA 701 apparatus.
To examine the structural characteristics of the activated carbons, Raman spectroscopy was performed using a Horiba Jovin-Ivon LabRAM HR800 device. Samples were excited using a He-Cd laser (633 nm) in a confocal Olympus BX 41 microscope with a 40Â objective lens. A charge detector with a 2400 line mm À1 grating (micro-Raman) was used for collecting the displaced light. The spectral resolution for all measurements was 1.5 cm
À1
. The activated carbons were subjected to FTIR using a Varian 670 FTIR spectrometer (spectral range 1400-400 cm
, spectral resolution of 4 cm À1 ) in transmittance mode. The porous structure of the activated carbons was characterized by N 2 adsorption at 77 K using the Micromeritics ASAP, 2010 Accelerated Surface Area and Porosimetry System. The specific surface was determined by analysing the adsorption isotherm via the BET equation and DFT models, employing Micromeritics and Quantachrome software. The BET and DFT results were compared using Kaneco and Dubinin equations (Lobato et al., 2017) .
Finally, all samples (the initial wastes, both types of HTC, and the activated carbon) were characterized by field emission scanning electron microscope (FE-SEM) using a JSM 6335F electron microscope.
All results were compared against those recorded for the commercially available activated carbon AC-M30 (made by Osaka Gas Chemicals, Japan). This product is obtained via the KOH activation of petroleum coke.
Batch adsorption experiments
The adsorption of MB by the different activated carbons was studied via batch adsorption experiments performed in 100 ml Erlenmeyer flasks containing 50 ml of MB solution (concentration 50 mg l
À1
) at pH 7. Ten milligram samples of activated carbon were added, and the flasks mechanically agitated at 350 r min À1 at 303, 333, or 353 K (performed in a Selecta Termotronic thermostat-controlled bath equipped with multiple Lab Companion MS-52M stirrers) until equilibrium was reached. The residual MB was determined by ultravioletvisible spectroscopy at 610 nm using a Hach DR/890 colorimeter.
The amount of MB adsorbed per gram of activated carbon (q e ) was calculated using equation (1) 
where C e (mg l
) is the concentration of MB at equilibrium, C o (mg l À1 ) is the initial concentration of MB in the solution, V (l) is the volume of the MB solution, and m (g) is the mass of activated carbon used.
To study the equilibrium, the isotherm models of Freundlich and Langmuir were used, varying the quantity of the activated carbons between 2 and 14 mg. The linearized forms of isotherm equations used (Ahmed and Dhedan, 2012) are shown in equations (2) and (3) Freundlich :
Langmuir :
where q e (mg g
) is the quantity of MB adsorbed per mass of activated carbon at equilibrium, K F (l g À1 ) and n are the adsorption constants, 1/n is a measure of the intensity of adsorption, q m (mg g À1 ) is the maximum adsorption capacity of the activated carbon, b (l mg
) is the Langmuir equilibrium constant related to the adsorption energy, and C e is the concentration at equilibrium (mg l À1 ). The Langmuir isotherm equation (Limousin et al., 2007) assumes a monolayer sorption of the MB molecules on the adsorbent s surface. The adimensional Langmuir constant (i.e. the separation factor or equilibrium parameter) R L was determined using equation (4) (Hall et al., 1966) 
The value of R L indicates whether the isotherm is irreversible ( (Gao et al., 2013) .
The quantity of MB adsorbed per unit mass of activated carbon (q t (mg g À1 )) over time was calculated using equation (5) 
where C t (mg l À1 ) is the concentration of MB in solution after a time t (min), m is the mass of activated carbon used, and v is the volume of the MB solution.
The results were analysed using a pseudo-first-and pseudo-second-order model, employing equations (6) and (7) 1: pseudo-first order : ln q e À q t ð Þ¼ln q e À K 1 Á t
) is the quantity of MB adsorbed per mass of activated carbon at equilibrium, q t is the quantity of MB adsorbed per mass of activated carbon (mg g À1 ) with respect to time (t) calculated via equation (1), and K 1 (l min À1 ) is the first-order adsorption constant.
2: pseudo-second order :
where K 2 (g mg À1 min) is the second-order adsorption constant. The adsorption activation energy E a (kJ mol
) was calculated by equation (8) 
where the K value is the kinetic constant that controls the process at the absolute temperature T (K), R is the universal constant of the gases (8.314Á10 3 kJ K À1 mol
), and A is the Arrhenius constant.
The thermodynamic variables studied were the Gibbs free energy (DG 0 ), the change in standard enthalpy (DH 0 ), the change in entropy (DS 0 ), and the thermodynamic equilibrium constant (K a ). These were calculated as follows
where C s is the surface concentration of MB (or adsorbed concentration of MB calculated from C o -C e ), C e is the concentration at equilibrium, R is the universal gas constant, and b 1 and b 2 are the Langmuir constant at T 1 and T 2 .
Results and discussion
Characterization of HTCs Table 1 shows the results of the elemental and immediate analyses of the initial wastes; Table 2 shows the same for the HTCs produced from them. Compared to the original wastes, the HTCs had a lower content of ash and volatile materials, and more fixed carbon. These changes are the result of the hydrothermal carbonization process, in which water acts as a solvent but also as a catalyst that facilitates the hydrolysis and excision of the cellulose and lignocellulose (Bobleter, 1994; Sevilla and Fuertes, 2009 ). The yields obtained were 43.1 and 31.3 g HTC per 100 g of bagasse and cluster stalks, respectively.
Characterization of the active carbons produced
The degree of activation (burn-off) calculated using equation (13) was 85.7 and 72.0% for the AC-GS and AC-ST, respectively
where w 1 and w 2 are the mass (dry ash-free basis) of carbonaceous material before and after activation. The yield of the activation process was determined by using equation (14) Yield wt; % ð Þ¼ w 2 w 1 Â100
For AC-GS the yield was 14.3 wt%, and for AC-ST it was 28 wt%. Figure 1 shows the Raman spectra for the activated carbons recorded in the 1000-1900 cm À1 range. Two pronounced bands can be seen in all spectra at around 1340 and 1600 cm À1 ; these may be attributed to the D and G bands typical of activated carbons. The D band reflects disordered carbon atoms and therefore highlights defects in the crystalline structure. Its intensity is inversely proportional to the crystal grain size.
In agreement with the different morphologies observed, a broadening of the D band occurs. Further, it is more intense than the G band, indicating there to be a large amount of highly disordered graphite (Bielza et al., 1999) . The G band, in contrast, corresponds to graphitic carbon, which is more ordered, symmetrical, and crystalline (Cheng et al., 2016; Glonek et al., 2017) . Figure 2 shows the FTIR spectrum for each of the activated carbons. The bands at around 800 cm À1 might be attributed to the stretching vibration of the C-H and CH = CH 2 bonds in aromatic structures (Li et al., 2011; . The bands at 1023 cm À1 can be assigned to alcohol groups (R-OH) (Altıntıg et al., 2017) , while those at around 1100 cm À1 indicate the presence of C-O groups characteristic of esters, ether, phenols, organic acids, and the C-O bonds within functional groups (Li et al., 2011; Liu et al., 2010; Salman et al., 2011) . Finally, the band at around 1200 cm À1 is associated with tension in the C-O bonds of phenol groups (Foo and Hameed, 2012) . Figure 3 shows the N 2 adsorption-desorption isotherms at 77 K for the different activated carbons. According to the IUPAC, the shapes of the isotherms are of type I for very low partial pressures (p/p 0 ), and of type II for very high pressures; this reveals the simultaneous presence of a large fraction of micropores (<2 nm diameter) and a smaller presence of mesopores (2-50 nm diameter) (Cheng et al., 2016; Dural et al., 2011; Fernandez et al., 2014) . At low relative pressures, large volumes of N 2 were adsorbed. The quantity adsorbed at p/p 0 $ 1 was similar for AC-M30 and AC-ST at about 979 cm 3 g
À1
, while for AC-GS it was around 663 cm 3 g À1 . Table 3 shows the results of the BET and DFT analyses. All the activated carbons showed a basically microporous structure, especially AC-GS, with the total pore volume (Vp) very similar to the volume of micropores (W 0 ). In all cases the size of the pores (L 0 ) was <2 nm (micropores). The real specific surface area (S total ), calculated using the DubininRadushkevich equation, ranged from 1163 to 1337 m 2 g
. The BET surface area (S BET ) was very high (1860-2660 m 2 g À1 ), although this equation would seem inappropriate since the pore size was above 0.8-0.9 nm; at such dimensions the BET equation tends to return overestimates (Centeno and Stoeckli, 2010) . Indeed, Table 3 shows the S BET to be much higher than the S total , in some cases twice its value.
SEM analysis
Figures 4 to 6 show the surface morphology of the initial wastes, the HTCs, and the final activated carbons. The cellulose structure became porous with the hydrothermal treatment, with pores some 10-20 mm in diameter formed (Figures 4(b) and 5(b) ). The chemical activation and thermal carbonization produced active carbons with very small surface pores (Figures 4(c) , 5(c), and 6). 
Adsorption isotherm studies
The adsorption isotherms were studied to determine the adsorption mechanism and to examine how the adsorbed molecules were distributed on the active carbons. Table 4 shows the results obtained at different temperatures, using equations (2) and (3). High regression correlation coefficients (R 2 ) were found for all temperatures studied, indicating the Langmuir isotherm model to be applicable for describing the MB adsorption equilibrium. This further confirms the monolayer coverage of MB onto the activated carbons, as well as the homogenous distribution of their active sites (the Langmuir equation assumes that the surface is homogenous). Figure 7 shows the linearized Langmuir adsorption isotherm for each of the studied activated carbons at each examined temperature.
The Langmuir adimensional R L factor (separation factor), calculated using equation (4), reveals the viability of the adsorption process. In all cases a result of 0 < R L < 1 was obtained, indicating a viable isotherm (Guo et al., 2009) . R L values increase with temperature.
The maximum MB adsorption capacity (q m ) increased with increasing temperature, which increased surface activity and increased kinetic energy of the MB molecules.
For the AC-GS, the quantity of MB adsorbed increased from 714.3 to 1156.6 mg g À1 as the solution temperature was increased from 303 to 353 K. For the AC-ST, the increase was from 925.9 mg g À1 at 303 K to 1169.2 mg g À1 at 353 K. For the AC-M30, the increase was from 847.4 mg g À1 at 303 K to 1059.9 mg g À1 at 333 K, falling again to 854.7 mg g À1 at 353 K. Thus, the AC-ST showed the greatest MB adsorption capacity of all the activated carbons and at all temperatures. Table 4 . Adsorption isotherms for adsorption of MB onto activated carbon at different temperatures. Influence of time of contact and kinetic results Figure 8 shows the change in the amount of MB adsorbed (q t ) over contact time at 303 K. In all cases a rapid increase in the amount of MB adsorbed occurred over the first 50 min. The MB uptake time profile for all the activated carbons was a smooth and continuous curve leading to saturation, suggesting possible monolayer coverage of MB on the surface of the adsorbents (Hassan and Elhadidy, 2017) . With AC-M30 and AC-ST, the quantity of MB adsorbed remained constant after 180 min; this plateau was not reached by AC-GS until 240 min. At equilibrium at 303 K, GS-AC had adsorbed 494.8 mg g À1 , AC-ST 498 mg g
À1
, and AC-M30496 mg g À1 . Table 6 shows the values obtained by equations (6) and (7) when studying the adsorption mechanism with pseudo-first-and pseudo-second-order models. The correlation coefficients ) show the present adsorption of MB to best fit the pseudo-second-order model. In addition, the calculated q e values agree well with the experimental q e values. With this model, K 2 increased with temperature for all the activated carbons, indicating adsorption to occur easily at high temperatures. The K 2 for AC-ST was higher than that for AC-GS, indicating it to have greater MB adsorption capacity, in agreement with that discussed above. Figure 9 shows the adsorption curves for the pseudo-second-order model against those of the tested activated carbons.
The E a for adsorption for each of the activated carbons was determined from the second-order speed constant K 2 , by means of equation (8). Negative values were obtained in all cases (E a = À10.59 kJ mol À1 (GS), À12.09 59 kJ mol À1 (ST), and À12.9459 kJ mol À1 (M30)). Table 7 shows the values for DH 0 , DS 0 , and DG 0 to all be negative during the adsorption process. The change in free Gibbs energy (DG 0 ) confirmed the adsorption of MB to be spontaneous and thermodynamically favourable. The DG 0 values recorded ranged from À10 to À15 kJ mol À1 , indicating that physical adsorption occurred (Baseri et al., 2012; Hassan et al., 2014; Yu et al., 2001) . The change in DG 0 for AC-ST and AC-GS showed adsorption to become less favourable as the temperature increased, while for AC-M30 the opposite was true.
Thermodynamic results
Physisorption and chemisorption can be classified, to a certain extent, by the magnitude of the enthalpy change. Bonding strengths values of <84kJ mol À1 are typically considered as to represent physisorption bonds (Melo et al., 2018) . Chemisorption bond strengths may have values of 84-420 kJ mol À1 (Faust and Aly, 1988) . Typically, the bond strengths associated with van der Waals-driven interaction forces in physisorption are < 20 kJ mol À1 , while those associated with electrostatic interaction forces range from 20 to 80 kJ mol
À1
. In the present study, the negative DH 0 were in the range of 2-49 kJ mol À1 , indicating that the adsorption of MB onto the activated carbons occurred via is an exothermic physisorption processes. Electrostatic interaction forces may play an essential role in the adsorption by AC-GS and AC-ST, and van der Waals interaction forces in adsorption by AC-M30 (Table 7) . The negative change in entropy (DS 0 ) values recorded indicates adsorption to be associated with a reduction in disorder. Nollet et al. (2003) showed that physisorption process normally have an E a of 5-40 kJ mol
, while that of chemisorption is higher at 40-800 kJ mol
. In the present work, the E a values were lower (in absolute terms) than 15 kJ mol , and E a all suggest that the adsorption of the MB onto the activated carbons was driven by a physisorption process. 
Conclusions
Bagasse and cluster stalks can be transformed into active carbon via their hydrothermal treatment and the subsequent exposure of the HTCs produced to KOH and carbonization. The resulting active carbons have a porous structure involving micro-and mesopores that afford them excellent powers of adsorption. The total pore volume of these products is high (0.8-1.4 cm 3 g À1 ), and their texture dominated by micropores (<2 nm). The presence of mesopores facilitates the diffusion of adsorbates. The MB adsorption isotherms for all the activated carbons best fitted the Langmuir model, suggesting limited monolayer adsorption occurs. The MB adsorption kinetics followed a pseudo-second-order model. The AC-ST and AC-GS adsorbed 714-926 mg g À1 MB -much more than many conventional activated carbons. Thermodynamically, the adsorption of MB was exothermic and spontaneous. These results show that high-quality activated carbons can be produced from winemaking waste. Their production also helps solve the problem of what to do with the tonnes of such waste produced every year.
